Background/Objectives: Significance of dietary fatty acids on bone health is not clear, and the evidence is controversial. This study aimed to investigate the relationship between dietary polyunsaturated fatty acids (PUFAs) and bone mineral density (BMD) among elderly women. Subjects/Methods: Subjects (n ¼ 554) were drawn from the Kuopio OSTPRE Fracture Prevention Study. At baseline they filled a 3-day food record and a questionnaire on lifestyle factors, diseases and medications. BMD was measured at lumbar spine (L2-L4), femoral neck and total body by dual energy X-ray absorptiometry at baseline and after 3 years. The associations between dietary fatty acids and BMD were analyzed by a linear mixed model adjusting for potential dietary and non-dietary confounders. Results: Our findings suggested a positive relationship between the dietary PUFAs and BMD at lumbar spine and in total body but not at femoral neck. Further analyses revealed that these results were due to associations among the women without hormone therapy (HT) at baseline. Among them, the intake of total PUFAs as well the intakes of linoleic and linolenic acids and total n-3 and n-6 fatty acids were significantly associated with BMD at lumbar spine; P for trend over the quartiles ranged between 0.013 and 0.001. Similarly, significant associations were demonstrated for total body BMD and fatty acids with an exception of total PUFA. No significant associations were found among women with HT at baseline. Conclusions: Our findings among elderly women without HT support the suggested beneficial effect of dietary PUFAs on bone health.
Introduction
Balanced diet providing especially calcium and vitamin D as well as physical exercise, are the most important nonpharmaceutical factors affecting bone health. Further, other nutrients and foods are suggested to have beneficial effects on bone (Heaney, 1993; Kohrt et al., 2004; Prentice, 2004) . Fatty acids may have an important role in bone biology and health (Watkins et al., 2001) . In animal models, it has been shown that dietary polyunsaturated fatty acid (PUFA) deficiency caused severe osteoporosis (Kruger and Horrobin, 1997) . There is good evidence of beneficial effects of PUFAs, especially n-3 fatty acids, on bone metabolism from in vitro studies and animal experiments (Watkins et al., 2003; Poulsen et al., 2007; Salari et al., 2008) . Dietary PUFAs may enhance calcium balance and promote bone health by increasing calcium absorption (Kruger and Horrobin, 1997; Poulsen et al., 2007) . The cellular mechanisms of the actions of PUFAs on bone involve modulation of fatty acid metabolites such as prostaglandins, resolvins and protectins, several signaling pathways, cytokines and growth factors (Kruger et al., 2010) . Prostaglandin E2 derived from n-6 PUFAs is the primary prostaglandin in bone known as a potent stimulator of bone resorption, however, at low concentrations it also stimulates bone formation (Watkins et al., 2001) . N-3 PUFAs may affect bone metabolism favorably in several ways: they reduce synthesis of prostaglandin E2, produce less inflammatory prostanoids, suppress proinflammatory cytokines and give rise to lipid mediators (for example, resolvins), which inhibit inflammation induced bone resorption (Kruger et al., 2010) .
Human studies of dietary PUFAs and bone are few and their results controversial. Some epidemiological and clinical studies indicated positive influence of PUFAs on bone health (Van Papendorp et al., 1995; Kruger et al., 1998; Weiss et al., 2005; Högström et al., 2007; Orchard et al., 2010; Farina et al., 2011a, b) , whereas others revealed no direct association (Bassey et al., 2000; Macdonald et al., 2004; MartinezRamirez et al., 2007) . As dietary lipids may be important, especially for bone integrity in old age, studies of elderly people are warranted (Corwin, 2003) .
In this study, we aimed to examine the associations between dietary fatty acids and bone mineral density (BMD) at lumbar spine, femoral neck and in total body among elderly women.
Materials and methods

Subjects
The subjects of this study were from the Kuopio Fracture Prevention Study (OSTPRE-FPS) started in 2002 (Kärkkäinen et al., 2010) . The OSTPRE-FPS study is a 3-year intervention on the effects of calcium and vitamin D supplements on falls and fractures among postmenopausal women over the age of 65. The subjects were drawn from the population-based OSTPRE-cohort. In total 3432 women volunteered to participate in the study (Kärkkäinen et al., 2010) . A sub sample (n ¼ 750) of the OSTPRE-FPS participants were invited to participate in specific measurements including BMD, several clinical, physical and laboratory tests. The subjects were also asked to fill in a 3-day food record at the baseline. Of those subjects who underwent the BMD measurement, 554 returned valid dietary records. The Research Ethics Committee of Kuopio University Hospital approved the OSTRPRE-FPS study in 2001. The subjects gave written consent for participation in the study.
Postal questionnaire
The self-administrated postal questionnaire provided data on health and lifestyle habits of the subjects, such as alcohol consumption, smoking, use of dietary supplements, physical performance, diseases, use of medications including hormone therapy (HT) and time of menopause. Physical performance was estimated using the following question: What is your current moving ability? (1) fully mobile, (2) able to move, but cannot run, (3) not able to walk more than 1 km, (4) not able to walk 4100 m, (5) able to move only indoors and (6) immobile.
Dietary intake
Dietary intake was assessed by using 3-day food records at the baseline. The records and instructions on completing the diary were sent to the subjects beforehand and they were asked to return the diaries on a research visit at the Bone and Cartilage Research Unit at the University of Kuopio. Subjects were advised to complete the diary information for 3 consecutive days, including 2 weekdays and either saturday or sunday. The types of fats used in bread, in cooking and baking were asked separately. Any unclarities in the diaries were checked by phone calls to the subjects by a nutritionist. Intake of different fatty acids and other nutrients from food records were calculated by using the Nutrica program (version 2.5, Finnish Social Insurance Institute, Turku, Finland).
Bone density measurements BMD (g/cm 2 ) was measured at lumbar spine (L2-L4), femoral neck and in total body by dual energy X-ray absorptiometry (Lunar Prodigy, Wisconsin, USA). Measurements were made at the baseline and after 3 years (Kärkkäinen et al., 2010) . The quality control of the dual energy X-ray absorptiometry instruments was run daily. Technical quality of each dual energy X-ray absorptiometry measurement and analysis was carefully checked, and those with measurement errors were not included in the statistical analyses. Height and weight of the subjects were measured in light indoor clothing without shoes during the research visit, and the body mass index was calculated (kg/m 2 ).
Statistical analysis
One-way analysis of variance and w 2 -test were used to examine the associations between the dietary intake of fatty acids and other variables potentially affecting BMD. The associations between dietary fatty acids and BMD at lumbar spine, femoral neck and total body were tested by mixed model analysis of covariance. BMD values measured at baseline and at 3 years were set as the dependent variables. The following continuous variables were included as covariates in the analyses: age, body mass index, energy intake, years since menopause, years of HT use and the intake of dietary protein, calcium and vitamin D. Categorical variables entered in the mixed model included use of calcium or vitamin D supplements (no/yes), smoking (never, quitted and current), use of alcoholic beverages (no/yes), moving ability (not restricted/restricted), disease or medication decreasing BMD (no/yes) and intervention group. Diseases possibly affecting BMD included hyperthyroidism, disease of parathyroid gland, chronic liver disease, chronic intestinal disease, celiac disease, ventricle operation, chronic nephropathy arthritis, osteoporosis and lactose intolerance. Medications that may influence BMD included loop-diuretics, insulin, antiepileptics, glucocorticoids and cancer chemotherapy. Ability for moving was considered restricted if the person was able to walk o1 km or she moved only indoors. Linear trend across the quartiles of different dietary fatty acids was analyzed including the quartiles as continuous variables in the mixed model. For statistical analyses the nutrients were adjusted for energy intake utilizing the residual method (Willett and Stampfer, 1986) . All data were analyzed by using SPSS for Windows, version 17.0 (IBM SPSS Statistics, IBM Corp., Armonk, NY, USA).
Results
The mean age of the subjects was 68 years (Table 1) . Body mass index was normal (o25 kg/m 2 ) in 20.5% of the subjects and 34.0% were obese (body mass index 430 kg/m 2 ). On average, the time since menopause was 18 years. Half of the subjects had ever used HT, however, at the baseline 20% used HT. The mean duration of HT use was 11 years. Slightly 450% of the women reported use of alcoholic beverages, and 5% of the women were current smokers. Approximately 25% of the subjects used calcium and vitamin D supplements at baseline. None of the subjects was totally immobile, but 7.7% of the subjects reported diminished ability to move. Approximately one third of the women had a disease or medication possibly decreasing BMD. The mean intake of energy, dietary fatty acids and selected other nutrients are presented in Table 2 . Table 3 shows distributions of the characteristics of the subjects in quartiles of energy adjusted intake of total PUFA and linoleic acid. There was no significant trend in the non-dietary characteristics and energy intake over the quartiles of either fatty acid. However, intake of dietary calcium was decreased with higher intakes of total PUFA and linoleic acid, whereas vitamin D was increased with higher total PUFA intake, but decreased with higher intake of linoleic acid. No significant association was found between protein intake and total dietary PUFA, but dietary protein decreased with higher linoleic acid intake.
In the whole study group, total dietary PUFA as well as the intake of linoleic and linolenic acids and total n-6 fatty acids were positively related to BMD at lumbar spine and total body, although not all associations were significant (Table 4) . No significant associations were found between the intakes of dietary PUFAs and BMD at femoral neck (data not shown).
The relationship between dietary PUFAs and BMD was further analyzed in women with and without HT use at baseline. Significant interactions between HT use and fatty acids on BMD were suggested for linolenic acid, total n-3 fatty acids and the ratio of linoleic acid to linolenic acid. The intake of total PUFA, as well as the intakes of linoleic and linolenic acids and total intakes of n-6 and n-3 PUFAs were associated with the lumbar spine BMD among women without HT; P-values over the quartiles varied between 0.013 and 0.001 (Table 4) . Similarly, the intake of linoleic and linolenic acids, and the total intake of n-6 and n-3 PUFAs were significantly associated with the total body BMD in women without HT.
The intake of neither fish-specific fatty acids, eicosapentaenoic acid and docosahexaenoic acid, nor arachidonic acid was associated with BMD at lumbar spine or total body ( Table 4) . Non-significant inverse relationship was revealed between the ratio of linoleic to linolenic acid and the lumbar spine and total body BMD in women without HT use at baseline. Among the women with current HT use, dietary PUFAs were not associated with BMD at lumbar spine or in total body (Table 4) . No significant associations were found between the intake of saturated or monounsaturated fatty acids and BMD among the study group of elderly women (data not shown).
Discussion
Our results suggest a positive relationship between the intake of total PUFA, total n-3 fatty acids and linoleic and linolenic acids with BMD at lumbar spine and total body in elderly women. The significant associations were observed only in women who were without HT at baseline. No associations were demonstrated between the consumption of total fat and saturated or monounsaturated fatty acids and BMD. In this study, linolenic acid, representing the biggest part of total n-3 PUFA in the diet of study subjects, significantly associated with a higher BMD at lumbar spine and total body. This is in line with the suggested beneficial effect of n-3 fatty acids on bone health (Albertazzi and Coupland, 2002; Högström et al., 2007; Salari et al., 2008) . In contrast to the results of studies reporting no association between the total PUFA intake and BMD (Trichopoulou et al., 1997) or even suggesting decreased BMD with higher PUFA intakes (Macdonald et al., 2004) or linoleic acid (Eriksson et al., 2009; Farina et al., 2011a) , we found positive relationships also between the intakes of linoleic acid, total n-6 fatty acids and total PUFA with BMD. In a recent cohort study, among middle-aged and elderly women the intakes of total PUFA as well as total n-6 fatty acids were associated with lower total fracture risk, but not with hip fracture risk, whereas no significant associations were found between total n-3 fatty acids and fracture risk (Orchard et al., 2010) . In another cohort study, hip fracture risk was suggested to be reduced by a-linolenic acid both in older men and women and also by higher arachidonic acid intake in men (Farina et al., 2011b) . In our study on elderly women arachidonic acid intake was not associated with BMD.
The ratio of n-6:n-3 fatty acids may be important to BMD. Weiss et al. (2005) reported a significant inverse association between the ratio of dietary linoleic acid to a-linolenic acid and BMD among elderly men and women. A weak non-significant inverse association between the ratio of linoleic:linolenic acid and BMD was suggested in women without HT in this study. The optimal ratio of n-6:n-3 fatty acids for bone health is not known, but during past 100 years this ratio has increased approximately from 1 to 10 (Simopoulos, 2006) . In our study, the ratio was clearly lower, on average 4, compared with the previously reported Polyunsaturated fat and bone mineral density R Järvinen et al Polyunsaturated fat and bone mineral density R Järvinen et al 8-10 (Weiss et al., 2005) . In a clinical trial, both diets with linoleic:a-linolenic acid ratio of 1.6 and 3.5 resulted in significantly lower bone resorption markers than a diet with a ratio of 9.5, corresponding the average American diet (Griel et al., 2007) . However, findings from recent prospective studies among the US citizens are controversial. In older adults the n-6:n-3 fatty acid ratio was not associated with the loss of femoral neck BMD over 4 years (Farina et al., 2011a) . Nor was the n-6:n-3 ratio associated with hip fracture risk of postmenopausal women, but a significant trend for lower total fracture risk was observed with n-6:n-3 ratios 46.43 (Orchard et al., 2010) . In our study, obviously, relatively low ratio of linoleic to linolenic acid was due to the type of bread spreads and oils commonly used in Finland. The most popular oil used by the study subjects was rapeseed oil, which contains ample amounts of both linoleic and linolenic acids their ratio being B2. Rapeseed oil is a usual component in margarines and other bread spreads available in Finland. Because of correlation between linoleic and linolenic acids (Pearson's correlation coefficient 0.6) their associations with BMD were mutually attenuated when included in the same analysis and it was not possible to conclude which one would be more important in relation to BMD. Also, it may be noted that the intake of PUFAs was rather low, that is, the mean intakes of linoleic acid and total n-3 fatty acids were 3.4% and 1% of energy, respectively. Both n-6 and n-3 fatty acids are needed in bone metabolism, however, the amount and their optimal ratio for bone health in not yet known (Albertazzi and Coupland, 2002) .
Findings from animal studies indicate that especially fish specific n-3 fatty acids are beneficial for bone as supported by few human studies (Watkins et al., 2003; Salari et al., 2008) . Positive effects of n-3 fatty acids from marine sources on BMD have been demonstrated in young men (Högström et al., 2007) , and among older men, but not in women (Farina et al., 2011a) . A recent large cohort study of older adults suggested only a minor importance of fish or fish specific fatty acids on bone health (Virtanen et al., 2010) , and unexpectedly higher intake of eicosapentaenoic acid þ docosahexaenoic acid was associated with a higher total fracture risk in a large cohort study on women (Orchard et al., 2010) . In three small clinical trials on elderly subjects, with eicosapentaenoic acid as one component of the treatment, two studies suggested for positive effects on bone (Van Papendorp et al., 1995; Kruger et al., 1998) , whereas one reported null results (Bassey et al., 2000) . In this study, we found no significant associations between the dietary intake of fish specific fatty acids (eicosapentaenoic acid and docosahexaenoic acid) and BMD. However, the dietary survey method, a 3-day food record, may not have been optimal for estimation of habitual fish consumption, because it does not catch less frequent consumption and seasonal variation (Ocke et al., 1997; Petkeviciene et al., 2009) . Lack of data on the use of fish oil supplements is another source of misclassification, although those oil supplements, which contained also vitamin D, were adjusted in analyses.
The associations of dietary PUFAs with BMD were demonstrated at lumbar spine and in total body but not at femoral neck. It has been suggested that the effect of fatty acids on bone may differ by the site analyzed and bone sites with more cancellous tissue, such as spinal vertebrae, may be more sensitive for the effects of dietary fats (Corwin et al., 2006) . However, in previous studies dietary PUFAs have been associated with various bone sites.
In line with the findings of Weiss et al. (2005) a modifying effect of HT use on relation between dietary PUFAs and BMD was suggested in this study. Significant associations were demonstrated only in women without HT at baseline. Findings from ovariectomized female rats indicate that estrogen's effect on bone is augmented by n-3 fatty acid containing diets (Schlemmer et al., 1999; Sacco et al., 2009 ). However, it is possible that overwhelming importance of hormone use on bone masks any effect of other factors with minor value for bone health in observational studies. 
Ratio of n-6 to n-3 fatty acids p2.71 Non-significance among women with HT at baseline may also reflect the smaller sample size of this group as compared with the women without HT. In this study dietary data were collected by the food record method, which is considered to provide a good conception of a person's actual diet (Willett, 1998) . As a specific advantage, the method included the individual information on the type of fat used on bread and in cooking and baking. The mean energy intake in the elderly women was rather low (1569 kcal/day), but it corresponded very well with the energy intake of 55-64-year-old women (1569 kcal/day) from the same Finnish region in 2002 (Männistö et al., 2003) .
Among this study group of elderly women mean baseline intake of vitamin D (7.6 mg/day) did not reach the recommended intake level of 20 mg/day (National Nutrition Council, 2010). Instead, the mean calcium intake was high (1010 mg/day). Approximately a half (48.5%) of the subjects were randomized to the intervention group who received a supplement with vitamin D (20 mg/day) and calcium (1000 mg/day). Adjustment for the study group was included in the analyses, in addition to several other potential confounders including intakes of dietary calcium and vitamin D and use of calcium and vitamin D supplements. Although several non-dietary and dietary factors were taken into account in the analyses, we cannot exclude the possibility that our findings are affected by confounding caused by other factors not controlled in the study.
In conclusion, our results support the suggested beneficial effect of dietary PUFA on bone health. Because of differences in the quantity and quality in dietary PUFA among different populations this relationship is not unequivocal and further studies in populations with different dietary PUFA patterns are needed.
